We report a distinctive polarisation mode coupling behaviour of tilted fibre Bragg gratings (TFBGs) with tilted angle exceeding 45°. The ex-45° TFBGs exhibit pronounced polarisation mode splitting resulted from grating structure asymmetry induced birefringence. We have studied and analysed the property of ex-45° TFBGs under transverse load applied to their equivalent fast-and slow-axis. The results show that the coupling between the orthogonally polarised modes takes place only when the load is applied to its fast-axis, giving a prominent directional loading response. This transverse load related polarisation property may be exploitable for implementation of optical fibre vector sensors capable of measuring the magnitude and orientation of the applied transverse load.
INTRODUCTION
Optical fiber sensors capable of measuring transverse loads are useful for many industrial applications, for example, monitoring the strain distribution field in composite materials and structures 1, 2 or used as all-fibre alternatives to load cells for engineering and processing requiring compact sensors for hazardous conditions. Transverse load measurement using fibre Bragg and long-period gratings made in low-bi and hi-bi, multi-core and conventional fibre have been reported 3, 4, 5, 6 . The majority of these gratings exhibited a pronounced polarisation mode split effect resulted from the birefringence induced by the transverse loading. TFBGs with excessively tilted structures (> 45°) are capable of coupling light from the core mode to the forward-propagating cladding modes. Such gratings have also exhibited pronounced polarisation mode split characteristic and been reported for implementation of in-fibre twist sensors 7 . In this paper, we report a unique polarisation mode coupling property of ex-45° TFBGs under transverse load, which may be further explored for vector load sensors.
THEORY AND FABRICATION OF EX-45° TFBG
TFBGs are capable of coupling the light from forward-propagating core mode to backward-propagating, radiation and forward-propagating cladding modes when the tilt angle < 45°, = 45°and > 45°, respectively 8 . The strongest light coupling occurs at the wavelength determined by the phase match condition:
where n co and n cl,m are the effective mode refractive indices of fundamental core and mth cladding mode, Λ is the grating period and θ is the tilt angle of the structure. When the grating structure is excessively tilted, i.e > 45°, the fibre core becomes asymmetric, thus inducing a birefringence in the fibre. As experimentally observed, ex-45° TFBGs exhibit pronounced polarisation mode splitting 8 , resulted from the structure asymmetry induced birefringence. Similar to a polarisation maintaining (PM) fibre, we may assign two orthogonal polarisation axes to the grating structure. As shown in Fig. 1(a) , the direction perpendicular to the grating fringe plane may be regarded as the fast-axis and the direction in the plane as the slow-axis. The effective refractive index along the fast-axis and slow-axis can then be expressed as n f and n s and we have n f < n s . Considering a normal single mode fibre, when the transverse load is applied to y-axis as shown in Fig.1(b) , for a given compressive force F, the stresses in x-and y-direction are expressed in Hertz equations 9 .
where D is the fiber diameter, F is the applied force, and L is the length of the region under stress. It is noted that the horizontal normal stress σ x is always positive or tensile in the whole cross section and the vertical normal stress σ y is negative or compressive, which means (σ x -σ y ) > 0. The refractive index changes in the cross section due to the photoelastic effect can be evaluated by
where C 1 and C 2 denote the stress-optical coefficients, and n x0 and n y0 are the effective refractive indices of the unstressed fiber and for silica glass, (C 1 -C 2 ) > 0 11 . For an ex-45° TFBG, when the transverse load is applied along the slow-axis, we have n x0 = n f and n y0 = n s . Thus, the first term in equation (3) will be negative resulting in a deduction in birefringence ∆n, i.e. the grating structure is less PM-like. In this case, we may expect that the light coupling between the two orthogonally polarised modes is more easily facilitated under some perturbation. On the contrary, when the transverse load is applied to the fast-axis of the TFBG, we have n x0 = n s and n y0 = n f and the first term in equation (3) will be positive, resulting in increase in birefringence ∆n. In this case, the ex-45° TFBG behaves more towards a PM fibre, preventing the light coupling between the two polarised modes. In order to investigate the polarisation property of ex-45° TFBGs under transverse load, we UV-inscribed fibre Bragg gratings with tilted angles up to 81° in hydrogen loaded Corning SMF-28 fiber by phase mask method. The period of our special designed phase mask is 6.6µm. Fig. 2(a) shows the image of the tilted fringes of an 81°-TFBG under microscope. The tilted angle of the fringes is measured at 81.71°, which is in a good agreement with the design parameter.
We noticed that all the measured ex-45° TFBGs exhibited a polarisation mode-splitting feature. Fig. 2(b) depicts the transmission spectrum of an 81°-TFBG in the range from 1400nm to 1700nm, showing clearly a series dual-peak resonances, corresponding to the two sets of coupled cladding modes with orthogonal polarisation states. We then added a polariser and a polarisation controller before the TFBG to change the polarisation state of the probing light. When the light is switched to the fast-or slow-axis polarisation state, one of the dual peaks grows to its full strength ~8.6dB whereas the other almost disappears, as shown in Fig. 2(c) . The separation between the paired peaks is about 6.16nm, giving an estimated combined fiber birefringence ~2×10 -4 .
IMPLETATION OF TRANSVERSE LOADING EXPERIMENT ON EX-45° TFBG
The transverse loading experiment was implemented by first laying the 81°-TFBG fiber and a dummy fiber of the same type between two flat surface aluminum plates, and then gradually increasing the load on the top. The schematic of the experiment is shown in Fig. 3(a) and (b) . The light from a broadband source was launched into the one end of the grating fiber and the output was monitored from the other end by an optical spectrum analyser. A linear polariser and a polarisation controller were inserted between the broadband source and the TFBG to change the polarisation state of the probing light. Before the transverse load was applied, we set the polarisation state to fully excite the fast-axis mode on the shorter wavelength side by adjusting the polarisation controller. The grating length was 1.2 cm; and the loaded fiber length was 3.2 cm. We applied the transverse load to the TFBG first to the slow-axis from 0 to 2.6kg (for two fibres) in an elevation step of 0.2kg, as shown ψ = 0° in Fig. 3(c) . The transmission spectrum for each applied load is plotted in Fig. 4(a) . It is clear from Fig. 4 (a) that with increasing load, the strength of fast-axis peak decreases but the slow-axis peak increases. Fig.4(b) depicts the transmission losses against applied load for both modes in linear scale, showing that the light was gradually coupled from the slow-axis to the fast-axis mode with the loading. We then repeated the loading experiment by applying the transverse load to the grating fast-axis (ψ = 90°) and did not observe any light coupling between the orthogonally polarised modes. This distinctive directional polarisation mode coupling behaviour agrees well with the theoretical explanation we give in section 2.
From an application point of view, the directional polarisation mode coupling behaviour exhibited by the ex-45° TFBGs may be explored for implementation of vector load sensors which have the ability monitoring not just the amplitude but also orientation of the load.
CONCLUSIONS
We have fabricated fibre Bragg grating devices with excessively tilted structures and experimentally observed pronounced polarisation mode splitting effect caused by the grating structure asymmetry induced birefringence. We further investigated the polarization property of such gratings under transverse load and found that TFBGs with excessively tilted structures exhibit a distinctive directional polarisation mode coupling behaviour under transverse load. When the load is applied to the equivalent slow-axis of the TFBG, the light will be coupled from the slow-axis mode to the fast-axis one, whereas no light coupling taking place when the load is applied to the fast-axis. This load direction related property may be explored for implementation of vector load sensors capable of measuring the magnitude and orientation of applied load.
